Electrochemical deposition of calcium phosphate (CAP) on valve metals such as Ta, Nb, and Zr, was performed by anodic oxidation with alternate polarity inversion at an applied 20 VDC. A saturated hydroxyapatite(HAP)-phosphoric acid solution (pH 3) was used as the electrolyte. FTIR, XRD, and XPS were employed to investigate the detailed characteristics of the deposition. HAP was precipitated on Ta; HAP including brushite and monetite on Nb; and HAP and monetite on Zr. The Ca/P atomic ratios were 1.3-1.5 by XPS, and HPO4 2-bands were detected on Ta by FTIR. Therefore, the HAP precipitated on Ta was a Ca-deficient HAP. In addition, the XPS spectra of the specimens showed that phosphate ions were incorporated into the anodic oxide film. Deposits with nano-grain size were observed by AFM. The results confirmed that CAP with nano-grain size was deposited on valve metals by the anodic oxidation with polarity inversion.
INTRODUCTION
Titanium and its alloys have been used for dental or orthopedic implants in the living body 1) . Valve metals such as tantalum, zirconium, niobium and their alloys have attracted considerable attention as dental materials 2) . Since these metals and alloys have excellent corrosion resistance, they produce few allergic and toxicity reactions in the living body 3) . Therefore, these materials are known to have good biocompatibility and are usually used for dental or skeletal implants 4) . For these reasons, many researchers [5] [6] [7] reported that better osteoconductivity was obtained by surface treatments and modifications using chemical and physical methods. A plasma-spraying technique, which is most commonly used for coating hydroxyapatite (HAP) on metallic implants, was investigated and used to produce HAP coatings with high stability against mechanical fracture in the living body 8) . However, there is a possibility for HAP to decompose in the coatings, since the technique involves a high-temperature processing step 8) . Ishizawa et al. 9) have developed a new method for forming highly-crystallized HAP layers on Ti and Ti6Al4V alloy by anodic oxidation at 350 VDC and subsequent hydrothermal treatment. In their study, a HAP layer (5-30 µm thickness) was synthesized on the metals. On the other hand, Ban et al. 10) reported that granular and needle-like calcium phosphate compounds (CAPs) were electrochemically deposited on a Ti plate. Monma 11) demonstrated that the electrochemical deposition of Ca-deficient apatite on a stainless steel substrate can be carried out in an electrolyte. In his experiment, HAP and brushite, CaHPO4·2H2O (DCPD), or monetite, CaHPO4 (DCPA), were deposited on the metal. The shapes of the apatite deposits such as ellipsoidal grains, needles or fine granules depended on temperature and current density. Hanna et al. 12) reported that pure brushite layer (about 50 µm thickness) can be electrodeposited on Ti alloy substrate and transformed to HAP by heat treatment. After transformation to HAP, crystal size and porosity, decrease with the appearance of some needle-shape crystals.
As mentioned above, the plasma-spraying technique and electrochemical precipitation of CAPs on Ti and stainless steal plates under appropriate experimental conditions are thus possible. Film thick of their productions is the order of micrometers. We focused on a new method in which CAPs were deposited by electrochemical surface treatment to coat a thin film coating. The research subjects of this work were to directly deposit CAPs on valve metals and to control the order of nanometer thickness of the deposition layer. We propose here a new precipitation method, that is, anodic oxidation with polarity inversion in HAP-phosphoric acid (HAP-H3PO4) solution, and characterize CAPs produced on valve metals by anodic oxidation with polarity inversion.
MATERIALS AND METHODS

Preparation of specimens
Valve metal of Ta(purity 99.95%, Nilaco Co., Ltd., Tokyo, Japan), Zr(purity 99.2%, Nilaco Co., Ltd.) and Nb(purity 99.9%, Nilaco Co., Ltd. ) were used in this study. Each valve metal was cut into disks of 15 mm diameter and 5 mm thickness. The disk specimens were mechanically abraded with water proof SiC abrasive papers up to #800 grit under tap water. Using colloidal silica (Mastermet, Buehler, IL, USA), the abraded specimens were polished with a buffing cloth (Chemomet I, #40-7908, Buehler). Both abrading and polishing were conducted on a polishing machine (TegraPol-11, Struers, Ballerup, Denmark). The specimens were ultrasonically cleaned in distilled water for 300 s.
The experimental setup is illustrated in Fig. 1 . HAP (HAP-200, Taihei Chemical Industrial Co., Ltd., Osaka, Japan) and phosphoric acid, H3PO4, (Wako Pure Chemical Industries, Osaka, Japan) were used for electrolyte preparation. Since HAP dissolves readily in acid solution, the pH of the saturated HAP-H3PO4 solution for electrolyte preparation was adjusted to 3 with H3PO4. Platinum foil with an insulating tape was wrapped around the circumference of the specimen. A buffing cloth (Selvyt #40-7008, Buehler) with a 0.3 mm thickness was inserted between the specimen and the platinum disk as an electrode. This sandwich assembly was immersed in 10 mL of the electrolyte solution maintained at 37 ± 2°C in an incubator (NDC-100, Nissin, Tokyo, Japan). A constant VDC of 20 was applied between the electrodes for 600 s via a programmable DC power unit (6633B, Agilent, CA, USA). The polarity of each electrode was automatically alternated between positive (or negative) and negative (or positive) every 60 s. Finally, the treated specimens were allowed to dry in air at room temperature. A symbol of an element of the valve metal was used to identify the treated specimen.
Surface characterizations
The deposit and underlying substrates were compositionally and morphologically analyzed by Fourier transform infrared spectroscopy (FTIR) (FT/IR-7300, Jasco, Tokyo, Japan), X-ray diffraction (XRD) (Assembly, Rigaku, Tokyo, Japan), X-ray photoelectron spectroscopy (XPS) (Quantum2000, ULVAC-PHI, Chigasaki, Japan), and atomic force microscopy (AFM) (SPM-4210, JEOL, Tokyo, Japan).
Fourier transform infrared spectroscopy
The deposited powder was scraped off from the treated surface, mixed with high purity KBr powder (Jasco, Tokyo, Japan), and compacted into a pellet form. The sample was scanned from 4,600 to 400 cm -1 under a 4 cm -1 resolution and the average of 500 scans was computed. The absorbance at the maximum peak in the specimen was about 10%.
X-ray diffraction analysis
The deposited powder was analyzed using XRD, Cu target, 40 kV, 30 mA, scanning speed 1°/ min. X-ray diffraction patterns were indexed according to the structural data of Powder Diffraction File (ICDD, PA, USA, 1998).
X-ray photoelectron spectroscopy XPS spectra were obtained using a spectrometer with Al Kα radiation generated under 25 W at 15 kV. The peak positions, shifted by the electric charge accumulated in the insulating sample, were corrected by referencing the position of the C 1s peak. Argon ion flux was employed to sputter the surface for 60 s. Binding energies were calculated by curve fitting treatment using MultiPak software installed in the XPS analysis system. The Ca/P atomic ratio was also calculated using the same software.
Atomic force microscopy
For the observation of nanometer scale topography, the treated specimens were ultrasonically rinsed in distilled water for 300 s and then allowed to dry in air at room temperature. The interface between the bulk and deposited powders was observed using a scanning probe microscope in the AC mode, which operates in the 
RESULTS
Fourier transform infrared spectroscopy
The FTIR spectra of the deposits on the valve metals are shown in Fig. 2 . The bands at about 3,600 and 630 cm -1 in the spectra came from OH -ions 13) , whereas those at around 1,100 and 600 cm -1 originated from PO4 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The bands with weak intensity at around 1,450 cm -1 in the spectra were attributed to the components of the trace amount of CO3 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , while that at about 900 cm -1 came from HPO4 2-ions 13) . Accordingly, the deposits were identified to be similar to CAPs with additional bands ascribed to impurity ion (CO3 2-ion).
X-ray diffraction analysis
The representative XRD patterns of the precipitated powder are shown in Fig. 3 . The observed positions of diffraction lines were in agreement with the corresponding values for HAP (Ca10(PO4)6(OH)2, JCPDS 84-1998) in all specimens and additional peaks were detected in Zr and Nb. These additional peaks corresponded to DCPA (CaHPO4, JCPDS 71-1759). Moreover, DCPD (CaHPO4·2H2O, JCPDS 11-0293) was detected in Nb. The diffraction pattern showed broadened and convoluted peaks.
X-ray photoelectron spectroscopy
The spectra of the surface survey scans of the deposited powders were similar except for the difference in the relative intensities of the peaks for the different Table 1 Binding energy of the deposits and chemical reagent CAP
elements. In addition to Ca 2p, P 2p, and O 1s, C 1s was also found on the surface of all specimens in significant amounts. The binding energies calculated by the curve fitting treatment are shown in Table 1 . The binding energies were mostly attributed to the chemical states of Ca, P, and O elements in the HAP and DCPD reagent matrixes. The Ca/P atomic ratio of the deposits was in the range of 1.3-1.5, which was significantly lower than that of a pure HAP. The XPS depth profiles of the specimens are shown in Fig. 4 . P 2p XPS spectra before sputtering were observed at around 134 eV, and identified as P 5+ due to PO4 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The peaks on Zr, Nb and Ta were due to a decreased in P 5+ with sputtering time, and were finally not observed on the specimens sputtered for 120, 480 and 160 s, respectively. In contrast, a new peak at around 129.5 eV appeared and its intensity increased with sputtering time, although this new peak was not observed on Zr, Nb and Ta after sputtering for 300, 780 and 540 s, respectively.
Morphological analysis
Representative AFM images showing the morphology of the deposited particles are shown in Fig. 5 . Blocklike particles of about 50 nm length were observed on Ta. Granular composites with an average of 50 nm diameters were detected on Nb. Ellipsoidal particles of about 200 nm length span and slender particles of 100 nm length span were observed on Zr.
DISCUSSION
The deposit obtained using the new anodic oxidation method in the saturated HAP-H3PO4 solution was found to be an aggregation of a few kinds of CAP. The crystallites were very small or poorly crystallized due to the diffraction pattern. XRD analysis data showed that the synthesized HAP on the valve metals was not strictly pure. In addition, DCPA and DCPD were detected in the deposits. These observations should explain the observed tendency of HAP to lower the Ca/ P atomic ratio compared with the stoichiometric HAP.
No peaks of valve metal oxide were found in XRD analysis data. Therefore, the valve metal oxide formed by this new anodic oxidation method would have amorphous nature. Here, the XRD analysis was important for phase investigation. On the other hand, the FTIR spectroscopic data compensated for some features that could not be observed by XRD analysis. A HPO4 2-band was found in the spectra of Ta. Therefore, it was assumed that Ca ions were lacking in the deposited HAP. Moreover, the Ca/P ratio obtained on Ta by XPS (Ca/P = 1.3) supports this finding. Accordingly, the deposit on Ta was nonstoichiometric and was in agreement with a Ca-deficient HAP. On the other hand, the deposits on Nb and Zr included not only HAP but also DCPD and DCPA, respectively. However, we were unable to confirm whether their deposits were stoichiometric or nonstoichiometric. By the observations of AFM, the block-like, granular and ellipsoidal particles in the order of nanometer were observed on different metals. However, the particles were not morphologically distinguished in the crystal.
In general, when a valve metal is anodized, the electric current firstly runs through the experimental circuit, after which it decreases rapidly, and then finally hardly runs. This is because the oxide film formed on the valve metal has the properties of an ntype semiconductor 15) . In this study, the electric current ran continuously because we employed the alternate polarity inversion method and a newly designed sandwich electrode. Tanaka et al. 16) reported that CAP was formed on Ti in Hanks' solution by low voltage (1-2 V) electrolytic treatments. Being different from our alternate polarity inversion method, they applied a cyclic potential with a trigonometric wave form at 1 or 10 Hz and inferred the following points. The cyclic exchange of anodic and cathodic currents might enhance the adsorption of P and Ca ions alternately. Also, the cathodic current might be a factor causing the high Ca/P ratio of CAP. The current was not examined and dissected in our study. It was assumed that the current affected the characterization of the deposited CAPs.
The oxide film was formed by anodization on the specimen when the specimen was a positive electrode (i.e., anode). Simultaneously, O2 was generated on the platinum foil wrapped around the specimen by water electrolysis. Moreover, PO4
3-ions moved near the electrode; thus, the concentration of the ions around the electrode is expected to be higher than that of the surroundings. On the other hand, H2 was generated on the opposite electrode (negative electrode; i.e., cathode). When polarity was inversed, the specimen became negative. H2 was generated on the platinum foil wrapped around the specimen, and Ca 2+ ions may be predominant around the foil and specimen. These repeated process caused an increase in the concentration of PO4 3-and Ca 2+ ions near the electrode. Therefore, the product of the concentrations of these ions, i.e. solubility product, was larger than that of CAPs, and then CAPs precipitation might occur. Moreover, pH would change near the specimen because of increasing OH -concentration due to water electrolysis. The factor of the increase in the concentration of PO4 3-and Ca 2+ ions, and pH would affect the nuclear formation and morphology of CAPs. Consequently, the alternate polarity inversion method employing a sandwich electrode should easily promote CAP deposition under an applied low voltage.
Many studies [17] [18] on the mechanism of CAP deposition on Ti from a solution containing Ca 2+ and PO4 3- ions have been reported. Some of the typical CAP forms reported are HAP, TCP (β-Ca3(PO4)2), OCP (Ca8H2(PO4)6 5H2O) and DCPD in order of increasing solubility 19) . Different CAPs will form depending mainly on the pH of the solution during CAP precipitation 19) . Therefore, pH was crucial for determining the structure and composition of the electrodeposition products on the electrode. According to the ratio of the phosphate family (i.e., H3PO4, H2PO4 -, HPO4 2-and PO4 3-) and as a function of pH, the concentration of the phosphate family depends on the pH of the solution 20) . Because the pH of the electrolyte used in this study was 3, the ratio of H3PO4/H2PO4
-was about 0.1/0.9. Also, the number of H3PO4 species decreased as pH increased. A large number of the chemical species of H2PO4
-were present at about pH 4, and this number decreased are around pH 5, whereas the number of chemical species of HPO4
2-increased at around pH 5. At a neutral pH, the ratio of H2PO4 -/HPO4 2-was 0.5/0.5, that is, the amount of H2PO4 -and HPO4 2-species was equal. As mentioned before, the specimen surface serving as the cathode reduced water to H2, that is, H2O + e -→ Based on the XPS depth profiles of the specimens (Fig. 4) , P ions identified as P 5+ due to PO4 3-were attributed to the outermost CAP. After sputtering, new peaks (129.5 eV) attributed to P 3+ appeared. The increase in the number of P 3+ ions and that in the number of P 5+ ions inside the film prepared using the new anodic oxidation methods were due to the anodic oxidation behaviors from the surface of the substrate in contact with the phosphoric acid solution. Nakahira et al. 23) reported that P 5+ ions were mainly doped near the surface on a TiO2 film by anodic oxidation of Ti in phosphoric acid solution, and that P ions existed as P +3 ions inside the oxide films. Ferdjani et al. 24) reported that a notable incorporation of phosphorus into the oxide layer occurred during its growth. Our results coincided with their results, though different metals were used in their experiment. The oxide film which incorporated phosphate ions was directly formed by anodic oxidation in the phosphoric acid solution. This characteristic was potentially important role for CAPs deposition.
In other words, a new functional film including phosphate ions would make a favorable environment condition for CAPs deposition. Furthermore, the pH of an electrolyte and the ratio of the phosphate family will affect the structure of the deposited crystal and its morphology. Nano-particles should be chemically active and must be the starting point in the formation of HAP in the body, a valve metal implant having the order of nano-deposit would be excellent for enhancing osteoconductivity.
CONCLUSIONS
A new method of anodization with alternate polarity inversion using a saturated HAP-H3PO4 solution was applied to valve metals. The Ca-deficient HAP with a nano-grain size precipitated on Ta. The deposits on Nb and Zr were HAP, DCPD and DCPA, and HAP and DCPA, respectively. The XPS spectra of the specimens showed that phosphate ions were incorporated in the valve metal anodic oxide film. Thus, this surface characteristic had effects on the precipitation behavior of HAP, DCPD and DCPA. Moreover, the deposits on the valve metals had fine particles on the order of nanometers.
